A dredging process is essential for the development of harbours and ports, allowing the functional daily operation of the port. The management of dredged material represents a worldwide challenge, especially considering unwanted deposition of material. Because of their chemical, petrographic, mineralogical and homogeneity composition, marine sediments could represent an appropriate raw material for the brick industry, particularly for the production of clay blocks, roofing and ceramic tiles. In this study dredged material from Port of Koper was tested for such use, thus various analyses were carried out in order to determine if the dredged material is environmentally friendly and suitable for use in the brick industry. These included: chemical analysis, mineralogical analysis, particle size analysis, chloride content analysis and tests of firing in a gradient furnace. Furthermore, tests of mechanical properties, as well as tests of the frost-resistance of the samples were carried out. On the basis of the primary analyses and samples prepared in a laboratory, it was confirmed that marine sediments from the Port of Koper, without any additives are only conditionally suitable as a source material for producing brick products, because without additives they exhibit too much shrinkage on drying and firing, as well as high water absorption, this can be improved by the incorporation of suitable additives, for example, virgin clay or other suitable waste material. The approach described herewith can also be followed to assess sediments from other ports and rivers regarding its potential use in clay brick sector.
INTRODUCTION
Dredging operations are necessary to maintain navigation in waterways and access to harbours. Each year, 100 million tonnes of material are dredged around the world and could contain various materials from rocks to clays with different amount of organic matter and types of contaminants [1] . Thus, sediments represent a heterogeneous type of material with specific characteristics, which differ from region to region. In order to determine further usage of dredged material and its monitoring, the research of its characteristics must be carried out [2] . Mymrin et al. [3] report that in the USA alone, approximately 2.4 million m 3 dredged per year is to be disposed in years between 2011 and 2018, claiming that disposal of large amounts of materials dredged will cause new environmental problems. As reported by Couvidat et al. [4] dredged sediments are in most cases disposed, storing materials in landfill sites, which is costly and requires constant monitoring. Dubois et al. [1] also argue that dumping sediments from the sea are constrained by national and international regulations.
The biggest Slovenian port -the Port of Koper also carries out dredging operation to deepen the Basins 1, 2 and 3, and expecting to obtain around 300,000 m 3 of material, which is planned to be deposited at the three cassettes located in Ankaranska Bonifika [5] , and could indicate environmental problems. Thus, treatment and reuse of material is encouraged also by the European guidelines, however, applications are still very limited [6] . Several studies suggested that the dredged materials have a possibility to be used as a resource in the construction industry, e.g. usage for brick production [7] , as a composite construction material [3] , in the process of manufacturing concrete [8] or reusing the marine sediments as a partial replacement material in the paving blocks in order to improve the properties and reduce the costs [9] . Another possible usage of the dredged material is for creation of habitat, e.g. creation of artificial reefs and shoals, filling dead-end basins and canals and remediation of landfills [10] . The Sinclair Knight Merz study [11] discusses alternatives for dredged material in the reclamation processes, and also Li et al. [12] demonstrated a production of environmental friendly earth fill from dredged marine sediments.
The dredged material is a valuable resource although much of it is currently disposed of because of economic and logistical constraints [13] . In many countries, disposal is not desirable anymore because of a lack of disposal areas as well as environmental concerns. Sheehan [14] argues that beneficial use of dredged material allows an implementation of new and innovative management procedures, minimizing environmental impacts. As mentioned, an alternative option of the dredged material usage is in the production of clay bricks. Various waste materials can be incorporated into the production of clay bricks, improving the shaping technical parameters of the products and decreasing energy usage within the production processes and consequently environmental impact [15] . Also additives, such as sludge waste bring advantages in the clay brick production from technical perspective [16] or other waste materials, improving the clay brick properties [17] . Further experiments, e.g. Mazen et al. [18] were performed by usage of polluted river sediments after treatment in the brick production processes on a factory scale. Mezencevova et al. [19] reported that a replacement of 50% of raw material with dredged sediments in brick production caused no anomalies in physical and chemical characteristic of such bricks. Xu et al. [20] as well, claimed that the dredged sediments in the brick production is promising and showed that there are no barriers to use river sediments as secondary raw materials for the brick production processes. Another study by Cappuyns et al. [21] examine also consumers' perspective regarding the usage of the bricks from dredged sediments, where consumers are rather suspicious of bricks produced from dredged materials, which is mainly due to the lack of relevant information available.
However, in comparison to river sediments, marine sediments contain a higher amount of chlorides, also, they are often more polluted by heavy metals [22] . In the process of deciding how to treat and use the dredged material, it is crucial to evaluate its geo-mechanical and environmental characteristics. Sediments obtained by dredging are mainly composed of sand, clay fraction and seawater, and can also include various contaminants with a range of hazardous properties [6] . In the case of using dredged material as a secondary raw material, it is necessary to process it technologically. The technological treatment depends on the purpose of the final material. It is often necessary to use additives and other waste, such as paper sediment, ash, flint, etc. in order to meet the relevant parameters for shaping, and to achieve the necessary final material properties. The firing process usually causes immobilization of the heavy metals so that they no longer pose a potential threat to the environment, which is an additional benefit in cases where sediments contain heavy metals in excessive concentrations.
The goal of this research was to make an assessment whether specific dredged material can be of use in clay-based sector and thus avoid landfill deposits and producing valuable materials for further use in the construction industry. To achieve the goal, specific analyses of the sediments obtained by the dredging process from Port of Koper were carried out. These studies were comprised of the analyses of marine sediment content (content of the clay and the suitability for the brick production), including chemical analysis, mineralogical analysis, particle size analysis and chloride content. Furthermore, ceramic-technological tests of clay were carried out to determine linear shrinkage, water absorption, compressive and flexural strengths of the experimental samples fired at selected temperatures. The mechanical properties as well as water absorption and frost resistance of the final product were investigated in order to define the optimal characteristics of newly developed products. It was expected that the final product will be a brick, used in the construction sector for building purposes.
MATERIALS AND METHODS
The methods used in the study consisted of experimental methods carried out in the laboratory followed by data analyses and syntheses, as well as a sampling method to obtain the material.
Sampling
A sampling process was taken by a team of divers, who provided samples of marine sediments from all three basins and an additional sample at a reference point in Koper Bay ( Figure 1 ). In each basin, four samples were taken at two depths (at 10 cm and at 100 cm of sediment depth), where the deepening of the basins will be carried out. Two samples were taken at a depth near the shore and two samples at a depth near the sea and two samples at a reference point in Koper Bay. A total of 56 samples with a total volume of 300 litres were analysed [23] . [23] To avoid contamination of the samples, and to prevent changes in the specific physical and chemical properties of the samples during transport and until the beginning of the chemical and physical testing, the samples were appropriately packed, marked and stored [23] .
Methods
A range of analyses were conducted in order to determine if the marine sediment containing larger quantities of clay was suitable for brick production.
In accordance with the practice in the brick industry, this phase included the following tests:
• A chemical analysis for evaluation of Silicon dioxide (SiO2), Aluminium oxide (Al2O3), Ferric oxide (Fe2O3), Calcium oxide (CaO), Magnesium oxide (MgO), Sodium oxide (Na2O), Potassium oxide (K2O), Titanium dioxide (TiO2) content, by means of ARL 8480S X ray fluorescence spectrometry (WD XRF);
• A mineralogical analysis was performed using Philips Norelco equipment for X-ray diffraction analysis with CuKα radiation and a nickel filter;
• A particle size analysis was performed by the wet sieving method;
• The Chloride content (Cl − ) was determined according to EN 196 2:2013 [24] . Furthermore, the following ceramic technological tests of clay were carried out. Test samples were shaped using a laboratory de-airing extruder at a vacuum of 0.82-0.85 kg/cm 2 . The following shapes were obtained: cylinders, prisms and tiles. Test specimens were dried for 7 days at ambient room conditions, followed by 24 hours at 60 °C and 8 hours at 100 °C in a dryer. Dried samples were then fired using heating rates of 100 °C/h up to 950 °C or 1,100 °C with the holding time at the maximum temperature of 2 hours. The samples were then cooled in the furnace. Determination of linear shrinkage, water absorption, compressive and flexural strength of samples fired at selected temperatures was performed. The test of resistance to freezing of the obtained bricks (samples) was performed according to EN 539-2:2013 [25] .
RESULTS AND DISCUSSION
When assessing dredging material or any other material regarding their suitability to be used in clay based sector, at first the basic properties like mineralogical and chemical compositions, as well as their particle size distribution should be determined, but equally important is how the selected material behaves when undergoing the process of shaping, drying and firing and finally what properties exhibit after firing. All these tests were performed on dredged sediment from Port of Koper.
Basic analysis
The chemical analysis of samples (see Table 1 ) indicates minor variations between individual basins as well as between samples taken near the surface and at depth in the sea. These minor variations are expected for natural raw materials. There were slightly larger variations in composition when comparing the results for Koper Bay with the results for individual basins. In the sample from Koper Bay, lower SiO2 content and higher carbonates content are noticeable. Furthermore, the results closely match the results of X-ray analysis (Figure 2 ) that also show a lower content of SiO2 and a higher content of carbonates for the sample from Koper Bay.
The results of X-ray diffraction are given in Figure 2 . The mineralogical composition of clays and sediments provides an important piece of information in the process of identifying the raw material composition, because the properties of clay and, in particular, the shaping, drying and firing processes depend more on the minerals present in the raw material than on the chemical composition of the material. The content of clay particles in brick clay may vary from 20% to 60%, but it usually amounts to 30%. The clay examined contains about 55% to 63% clay particles. The minerals in the clay belong to the chlorite illite group. Another important factor is the amount of quartz. In clays it is present as fine sand and its content in brick clay is usually between 20% and 50%. This fact is important as quartz affects the product properties as well as the drying process (reduces the sensitivity) and the firing process, where during the cooling process it is necessary to consider the phase transition of quartz at 573 °C, which is connected to volume changes and may lead to cracking if the cooling process is not properly controlled. As the X-ray analysis of a sample shows, the clay tested contains about 7% to 20% quartz, comparing all the samples taken, the samples from the Port of Koper contain the lowest amounts of quartz but considerably higher amounts of calcite and dolomite.
If carbonates are finely dispersed, their content may reach up to 20-25%, but a problem may arise with lime inclusions larger than 1 mm. There is no sign of lime inclusions exceeding 1 mm in the clay examined, the carbonate content ranges from 15% to 19% in Basin 1 to about 29% in the Koper Bay. If lime inclusions (as free lime -CaO) are bigger than 1 mm in the clay body and it they are near the surface of the brick unit, white burst or pop outs can be formed as the free lime hydrates and becomes Calcium hydroxide [Ca(OH)2]. This reaction results in a volume increase. Exposure to air and consequently to Carbon dioxide (CO2) in the air, further forms Calcium carbonate (CaCO3). If the quantity is not very high, this does not impair the product quality but may be disturbing from the aesthetic point of view.
The particle size distribution in the raw material also has a significant effect on the properties of clay during the shaping, drying and firing processes as well as on the properties of dry and fired products. The results of the particle size analysis are given in Figure 3 . All the tested parameters show great similarity to the typical clay used for brick production and they are also similar to the properties of some other dredged sediments [15] , only the chloride content is high, which might cause problems during firing due to the corrosion of equipment and the presence of chlorine in flue gases. The chloride content was 1.6% in a non-fired/wet state. Water soluble chlorides are still present (0.6%) when firing at a lower temperature (950 °C), the chloride content drops after firing at temperatures above 1,050 °C, their level is only 0.036% (for reference, the limit for chlorides in cements is 0.1% according to SIST EN 196 1:2005) .
Ceramic technological testing of marine sediments
The samples were prepared using a vacuum (de-airing) extruder for making tiles with dimensions of 50 × 20 × 8 mm.
The analysis of the firing process in a gradient furnace provides information about linear shrinkage and water absorption as a function of the firing temperature (shown in Table 2 and Figure 4 ) and shows how likely it is for the clay to deform within a specific range of firing temperatures. Results of firing in a gradient furnace suggested that the examined clay is a highly sensitive type of raw material because it "closes" very quickly at temperatures exceeding 1,070 °C. This means that as the firing temperature rises, the water absorption quickly drops while the shrinkage increases. When firing at about 1,150 °C, clay is vitrified because the water absorption falls below 1%. The clinker point (water absorption 6%) is at 1,112 °C while the sintering point (water absorption 2%) is at 1,143 °C.
Further on, material from Basins 1 and 3 was dried and homogeneously mixed. The sample from the Basin 2 was excluded because it was polluted (there is an impact of the Rižana River that can be polluted by external influences, such as factory and septic tank emissions in the river, agriculture, etc.)
Results on the conditions of shaping and the characteristics of clay after firing and drying are given in Table 3 . The final properties of dried and fired products deviate from the expected values for typical brick clay. Drying shrinkage especially is very high, about 12% (depending on the orientation during shaping). The products fired at 950 °C and 1,050 °C also have high water absorption (23.1 and 22.6 respectively), when fired at 1,100 °C the water absorption drops to 7%, but these samples tend to bend and inflate. The values of compressive and flexural strength are satisfactory and the compressive strength amounts to 25.7 MPa and 36.4 MPa, and the bending strength 3.2 and 8.7 when fired at 950 °C and 1,050 °C, respectively. Both strengths significantly increased when fired at 1,100 °C, the bending strength was 19.3 MPa and the compressive strength was 96.8 MPa.
Frost resistance is important when products are to be exposed to severe climatic conditions. For clay products this is usually the case for outward facing bricks or clay roofing tiles, these products have to guarantee resistance to freezing [26] . Testing the frost resistance of laboratory samples has shown that the material is resistant to frost when fired at 1,100 °C but non-resistant to frost when fired at 950 °C and 1,050 °C. When fired at lower temperatures water absorption is still high and this greatly contributes to the frost non-resistance. To improve the brick production process and to achieve optimal properties in the technological process of shaping ceramic products, further studies have to be carried out using possible additions that reduce plasticity and the drying shrinkage. Suitable additions could include waste material containing quartz such as silica sludge, or slag [18, 27] . The sediments from the Port of Koper contain large amounts of water (more than 70%) and therefore have to be dried beforehand. For this reason it is best to find a dry additive, for example paper sludge [16] or fly ash because it facilitates the regulation of the water content needed in the shaping process [17] .
CONCLUSIONS
In order to find a solution for the dredge sediment, in this case sediment from Port of Koper, analyses were performed to evaluate it as a potential raw material for the clay brick sector, which constantly searches for materials that could adequately replace virgin raw materials.
On the basis of the primary analyses and samples prepared in a laboratory, it can be argued that the sediments without any additives are only conditionally suitable as source material for brick production. The major problem arises with excessive drying shrinkage, which amounts to about 12% (the usual shrinkage with brick clay is below 3-4%) and high water absorption. In order to ensure water absorption below 20% (which is normal for protected/plastered bricks) or below 6% (which is normal for bricks directly exposed to weather conditions), the firing process has to be carried out at higher temperatures and within a limited temperature range, which is quite difficult to provide in industrial conditions. Improvements in shaping, drying and properties of fired products could be achieved by including suitable additives, like virgin clay or some clay-based waste material, which will be the subject of further research. Approaches that would lower the salt (chloride) content will also be examined and its influence on the production process as well as on the final product will also be carefully studied.
The presented methodology can be also applied to sediments from other ports and rivers in order to assess their potential use in clay brick sector. Namely, preserving natural resources and instead using wastes is in line with national and European sustainability requirements expressed through the circular economy approach.
